In this work, we investigated the nonadiabatic transport properties of the one-dimensional timedependent superconductor-normal metal-superconductor (SNS) Josephson junction biased by a current source and driven by a high-frequency-ac-gate-potential applied to the normal-metal layer. 
I. INTRODUCTION
The scattering process often involves interferences between different quantum paths, in which constructive interference corresponds to resonance and destructive interference to antiresonance of the transmission. Asymmetric antiresonance with a minimum followed by a maximum is called a Fano resonance 1, 2 . There have been a great number of studies devoted to resonance and/or antiresonance in various quantum processes, such as scattered by an Anderson impurity 3 , tunneling through a quantum dot [4] [5] [6] , scattering from a donor impurity in an electron waveguide 7, 8 , transport in spin inversion devices 9 , Mie scattering in plasmonic nanoparticles and metamaterials 10 , and etc. In nonadiabatic quantum pumping, Floquet sidebands are formed by high-frequency oscillating potentials. In the case of a timedependent quantum well, Fano resonance occurs in the transmission spectrum [11] [12] [13] [14] , pumped shot noise 12, 13 , and Wigner-Smith delay times (WSDT) 11, 14 , when the energy or wavevector of one of the Floquet levels matches the quasibound level inside. To our knowledge, these resonant effects have not been discovered in the time-dependent superconductor-normal metal-superconductor (SNS) Josephson junction driven by a nonadiabatic electric potential applied to the normal region.
By means of the Josephson effect, supercurrents can flow through the SNS junction biased by a current source 15 . Bound quasiparticle states exist in the normal region of the SNS junction, each consisting of equal probabilities of particle and hole states. The Josephson effect is related to the Andreev reflection, the latter of which is defined by reflection of a particle into a hole at a pair-potential boundary with no change of current 16 . It can be conjectured from previous studies that in nonadiabatic quantum pumping of the SNS junction, resonance is possible to occur in the supercurrent when one of the Floquet sidebands coincides with one of the bound quasiparticle states within the energy gap of the superconductor, which will be confirmed by the present theoretic work.
Our approach is based on various development in methodology and concept recently. In classical mechanics, the duration time of a scattering process can be defined by the energy derivation of the action. In the absence of a time operator in quantum mechanics, the quantum analog of the duration time can be defined as the energy derivative of the quantum mechanical phase shift τ = dφ/dE during the scattering process. In a multi-channel or dynamic scattering process, the distribution of the WSDT τ 1 , · · · , τ N are the eigenvalues of the N × N Wigner-Smith matrix Q(E) = −i S † ∂S/∂E with S the scattering or Floquet scattering matrix 14, 17 and N = 4 (2n max + 1) with n max the maximal Floquet channel index in the present dynamic electron-hole system. The density of states (DOS) ρ (E) is directly related to Q(E) and the WSDT τ n by
The parametric conductance derivatives of a quantum dot was investigated by relating it to the distribution of the Wigner-Smith time-delay Matrix 18 . And also the WSDT were investigated in the scattering by strong time-periodic driving fields 11, 14 . Experiments can yield information on the distribution of the WSDT. The driving field can be realized by applying an ultrahigh intensity laser or a local ac-signal top gate. In the research of the charge turnstile based on the superconducting hybrid structure, it was found that quantization of the current is affected by 
II. THEORETIC FORMALISM
We consider the nonadiabatic pumping properties in the one-dimensional time-dependent SNS Josephson junction biased by a current source and driven by a high-frequency-ac-gatepotential applied to the normal region. The time-dependent electric potential has the form of V 1 cos ωt. Width of the normal region is L. The considered model is sketched in Fig.   1 . The driving field can be realized by applying a local ac-signal top gate. Assuming the junction is located in the x-direction, the time-dependent BdG equation can be expressed
The time-dependent BdG Hamiltonian is
with
θ(x) is the step function.
In advance of the time-dependent treatment, we consider the bound quasiparticle states in 
while ψ ± S2,e,h has η1 e,h replaced by η2 e,h and exp (±iq e,h x) replaced by exp [±iq e,h (x − L)].
, η1 e,h = φ/2+σ e,h arccos (ε/∆ 0 ), η2 e,h = −φ/2+σ e,h arccos (ε/∆ 0 ), σ e = 1, and σ h = −1. Wave functions in the superconductor and normal regions can be written as
with ε n = ε + n ω, ε an energy within the static continuous quasiparticle spectrum above the energy gap, n an integer varying from −∞ to +∞, and 
while ψ ± S2,e,h;n has η1 e,h;n replaced by η2 e,h;n and exp (±iq e,h;n x) replaced
, η1 e,h;n = φ/2 + σ e,h arccos (ε n /∆ 0 ), and η2 e,h;n = −φ/2 + σ e,h arccos (ε n /∆ 0 ). J n (x) are the nth-order first kind Bessel functions.
By continuity of ψ and ∂ψ/∂x at the normal-superconducting interfaces, the electron-hole
Floquet scattering matrix expressed as 
can be obtained by matrix algebra (see the Appendix). We define the total electron and hole reflection and transmission coefficients as
The summation is over all propagating modes and with a cutoff of n max in numerical treatment. The Wigner-Smith matrix can be obtained by
is directly related to Q (ε) and the WSDT τ n by Eq. (1). We can also define the total WSDT as τ WS = n τ n . Biased by a current source flowing from the S 1 to the S 2 superconducting electrodes and driven by a high-frequency-ac-potential in the normal region, the supercurrent flowing from the S 1 to the S 2 region can be calculated by the general relation
III. NUMERICAL RESULTS AND INTERPRETATIONS
In our numerical treatment, experimentally realistic parameters are used. E F = 20 meV, ∆ 0 = 2 to 3 meV, ω = 5 to 6 meV, V 1 = 1 meV, and n max = 1 > V 1 / ω. Numerical results of the total electron and hole reflection and transmission coefficients defined in Eq. Current conservation secures unitarity of the Floquet scattering matrix S. It can be seen from Fig. 3 that R ee + R eh + T ee + T eh = 1, which confirms unitarity of the S matrix.
From Fig. 2 it can be seen that E b decreases as φ in creases for φ < π. As φ increases from 0 to 0.025 in radian, resonance from the electron Floquet channel occurs at a larger energy and resonance from the hole channel occurs at a smaller energy according to the relation ε e − ω = E b and ω − ε h = E b . It can also be seen that the resonance peaks of electrons are broader than that of the holes. This is because that the virtual mass of the hole is larger than that of the electron and the characteristic time of the former is longer than the latter, which is prominently seen in Fig. 4 . In the range ∆ 0 < ε < ω + ∆ 0 we considered, k e,h;0 , k e,h;±1 , q e,h;0 , and q e,h;±1 are all real in the normal region; k e,h;0 , k e,h;+1 , q e,h;0 , and q e,h;+1 are real in the superconducting regions; k e,h;−1 is imaginary and q e,h;−1 complex in the two superconducting regions evanescent to ±∞. The incident quasiparticle state transfers through the propagating quasiparticle Floquet sideband and interferes with the direct transmission giving rise to a resonance.
Sharp resonances also occur in the τ WS (see Fig. 4 ) featuring the characteristics of the Floquet scattering matrix. The resonant τ WS of the hole is larger than that of the hole because of larger virtual hole mass, which is natural in electron-hole systems. Our numerical results also show that τ WS outside of the resonant peak is 10 −14 to 10 Eq. (16) is proportional to the integral of −∂ρ/∂φ over ε. Contribution of the hole-channel peak in ρ to I 2 is negative for φ < π and positive for φ > π, while contribution of the electron-channel peak in ρ to I 2 is reversed. Since the hole-channel peak in ρ is higher and sharper than the electron-channel, contribution of the former to I 2 overweighs that of the latter, giving rise to the sign reversal of the supercurrent. As the resonances are extremely strong, the supercurrent in the nonadiabatic process is several orders larger than the static supercurrent. Since −∂ρ/∂φ is nonzero even when ρ is small at the energies away from the resonant peaks, the supercurrent varies in an irregular pattern as it is an integral result of −∂ρ/∂φ. For φ > π, E b increases with φ. The supercurrent is positive or negatively small as a combined result of the resonant peaks and the integral of −∂ρ/∂φ over the large range of energy. The resonant peaks are sharper for stronger driving forces. As a result the supercurrent for ω = 6 meV is larger than ω = 5 meV for φ < π.
IV. CONCLUSIONS
In conclusion, resonances are observed in the nonadiabatic transmission and WSDT spectra of the time-dependent Josephson SNS junction as a result of quantum path interferences.
In the picture of Floquet scattering, the electron and hole Floquet sidebands are formed. 
VI. APPENDIX: DERIVATION OF THE FLOQUET SCATTERING MATRIX
Continuity equations of ψ and ∂ψ/∂x [The Floquet state wave functions are defined in Eqs. (9) to (11)] at the normal-superconducting interfaces x = 0 and x = L can be expressed in matrix form as follows. 
M e,h 1d nm = exp (−iη1 e,h;n /2) (2q e,h;n )
M e,h J nm
M e,h 2u nm = exp (iη2 e,h;n /2) (2q e,h;n )
M e,h 2d nm = exp (−iη2 e,h;n /2) 2q
e,h sn
M e,h 4u1± nm = ±iq e,h;n exp (iη1 e,h;n /2) (2q e,h;n )
M e,h 4d1± nm = ±iq e,h;n exp (−iη1 e,h;n /2) (2q e,h;n )
M e,h 4u2± nm = ±iq e,h;n exp (iη2 e,h;n /2) (2q e,h;n )
M e,h 4d2± nm = ±iq e,h;n exp (−iη2 e,h;n /2) (2q e,h;n )
The matrix equations (17) to (24) can be transformed into larger matrix equations as
and
Then we have 
By defining
we can obtain the electron-hole Floquet scattering matrix as
In Eqs. (42) and (43), "0" is a zero (2n max + 1) × (2n max + 1) matrix and "1" is a unitary (2n max + 1) × (2n max + 1) matrix with n max the maximal Floquet channel index. 
